Introduction
============

Impulsivity, "a predisposition toward rapid, unplanned reactions to internal or external stimuli without regard to the negative consequences of these reactions to the impulsive individual or to others" ([@ref-34]), is one crucial personality trait that may influence many facets of human life. Studies have suggested that high impulsivity is associated with risk for delinquency ([@ref-30]), increased driving violations ([@ref-36]), and more suicide attempts ([@ref-22]). Moreover, impulsivity has been shown to be a key characteristic of many psychiatric disorders ([@ref-34]), such as attention-deficit/hyperactivity disorder ([@ref-49]), drug dependence ([@ref-20]), and borderline personality disorder ([@ref-29]). In the study reported here, we investigated the neural subtracts underlying individual differences in impulsivity, which may provide invaluable insight into the mechanism of impulsive control and the development of treatments to prevent risky behaviors in individuals with high impulsivity.

To explore the neural correlates of trait impulsivity, researchers have succeeded linking the trait impulsivity to variability in brain structure and function using different neuroimaging techniques. First, the degree of damage within the right inferior frontal gyrus (IFG) has been associated with behavioral inhibition ([@ref-4]). Second, trait impulsivity has been associated with gray matter volume or cortical thickness in several brain regions, such as the orbitofrontal cortex ([@ref-41]; [@ref-32]; [@ref-18]) and anterior cingulate cortex (ACC) ([@ref-32]; [@ref-16]; [@ref-27]). Third, trait impulsivity has been associated with variability of resting-state functional connectivity in neural networks, such as the amygdala network ([@ref-50]), default network ([@ref-21]), and whole-brain network architecture quantified by graph theory ([@ref-19]). Fourth, trait impulsivity has been associated with variability of white-matter integrity in several brain parts, such as anterior corpus callosum ([@ref-35]), inferior frontal and anterior cingulate regions ([@ref-39]). In summary, these findings not only suggest that trait impulsivity reflects the function of different neural circuits, but also highlight the vital roles of certain structures (e.g., IFG, ACC, and OFC) in impulsive control.

The studies above have accumulated abundant evidence towards the neural correlates of impulsivity. However, no extant study has correlated impulsivity with morphological connectivity (MC), i.e., the covariance of regional gray matter morphology (e.g., volume or cortical thickness). The investigation of this brain-behavioral correlation would provide new insights into the neural basis of impulsivity. It is hypothesized that the morphological covariance between brain regions reflects synchronized development ([@ref-2]), given that the development trajectory of the structural covariance is correlated the rate of change in cortical thickness and functional connectivity ([@ref-38]; [@ref-3]). Furthermore, the MC based on structural covariance in cortical thickness is associated with variability of mental functions. For example, higher IQ group shows larger MCs between the IFG and other frontal and parietal brain regions ([@ref-28]). However, the covariance method is based on the correlation between subjects and thus can only be used with a large population, and it is incapable of measuring MCs for single subjects, which largely limits its application to individual differences studies in brain structure. To overcome the limitation, here we applied our newly-proposed approach to measuring MC for each individual from the MRI data ([@ref-25]). The new approach is based on similarity of regional morphological distributions and has shown its excellent test-retest reliability and validation reflecting human brain architecture and neuroplasticity ([@ref-25]; [@ref-24]; [@ref-47]).

Given that no previous studies have tested the neural correlates of impulsivity using the MC approach, here we conducted an exploratory investigation by correlating trait impulsivity to individual differences in MC in a public MRI data. First, we measured the MCs of interest for each individual from the MRI data. Specifically, we focused on the MCs of the ACC. The ACC was selected as the seed point for three reasons: (i) the ACC is one of most widely known region for cognitive control, especially in conflict monitoring ([@ref-13]; [@ref-11]); (ii) the ACC plays a central role in receiving convergent inputs from multiple cortical regions and is considered to be involved in more complex and integrated cognitive activities including executive functions ([@ref-14]; [@ref-26]; [@ref-33]; [@ref-40]); (iii) moreover, the gray matter of the ACC showed the most apparent association with individual differences in impulsivity ([@ref-16]; [@ref-27]). Then, correlation analysis was used to investigate the possible associations between the MCs of interest and the scores of impulsivity.

![General workflow for the estimation of interregional morphological connectivity from single-subject MRI data.\
(A) MR images were segmented to create gray matter (GM) images; (B) GM images for each individual were normalized to the standard template in MNI152 space, and then modulated and smoothed for further analysis. (C) Brain parcellation and estimation of regional probability density functions (PDFs). Bottom panel: (D) Morphological connectivity (MC) between PDFs from different brain regions was quantified.](peerj-05-3533-g001){#fig-1}

Materials and Methods
=====================

Dataset
-------

### Participants

Twenty-four right-handed participants (mean age: 20.8 years, range: 18--33 years; 10 females) were included in this study. This data was obtained from the OpenfMRI database. Its accession number is [ds000009](https://openfmri.org/dataset/ds000009). Participants reported no past or current psychiatric illness or history of neurological disorders. All participants provided written informed consent according to the procedures of the UCLA Institutional Review Board. In this study, we mainly used the T1-weighted MRI images and the behavioral assessment of impulsivity (see below). For more detail about the dataset, please see [@ref-17].

### Assessment of impulsivity

Impulsivity was assessed using the Barratt Impulsiveness Scale, Version 11 (BIS-11; [@ref-37]), which was a 4-point Likert-type scale containing 30 items. In the BIS, higher values indicate greater levels of impulsivity. In addition to the total score as a comprehensive measure of impulsivity, BIS contains three components of impulsivity: attentional (rapid shifts and impatience with complexity), motor (impetuous action) and non-planning (lack of future orientation) impulsivity. Similarly, higher scores demonstrate higher impulsivity.

### MRI scanning

Imaging data were collected with a 3T Siemens Trio scanner at the Ahmanson-Lovelace Brain Mapping Center at the University of California, Los Angeles. For each participant, a magnetization prepared rapid acquisition gradient echo (MP-RAGE) MRI sequence (176 sagittal slices, slice thickness 1 mm, TR = 1,900 ms, TE = 2.26 ms, matrix 256 × 256, field of view 250) was used to obtain the T1-weighted image of the entire brain.

Morphological connectivity
--------------------------

As shown in [Fig. 1](#fig-1){ref-type="fig"}, the calculation of morphological connectivity ([@ref-25]) can be summarized in the following three steps:

\(1\) Calculation of local morphological features for each voxel in the brain.

\(2\) Definition of ROIs and estimation of the morphological distribution for each ROI.

\(3\) Quantification of the similarity of the morphological distributions of two ROIs as a measure of the morphological connectivity.

Specifically, step 1 is done with an automatic neuroimaging technique called voxel-based morphometry (VBM) ([@ref-9]) implemented in Statistical Parametric Mapping version 8 (SPM8, <http://www.fil.ion.ucl.ac.uk/spm/>). The default parameters were applied for estimating regional morphological feature, including the Diffeomorphic Anatomical Registration Through Exponential Lie Algebra (DARTEL) approach ([@ref-8]) and an 8-mm full-width half-maximum (FWHM). In step 2, for each ROI, the regional probability density function (PDF) was estimated using kernel density estimation (KDE) implemented in the Scipy package (gaussian_kde with the Scott's Rule; <http://www.scipy.org/>). A fixed gray matter intensity boundary \[0, 1\] was used for the estimation. Finally, in step 3, the MC for each pair of ROIs was calculated using a similarity metric based on the Kullback--Leibler (KL) divergence. The MC ranges from 0 to 1, where 1 is for two identical distributions. For more technical detail, please see [@ref-25].

ROI selection
-------------

In this study, we focused on the morphological relations of the anterior cingulate cortex (ACC) with the cortical association cortices. Specifically, we identified bilateral ACC and cortical association ROIs (22 for each hemisphere) with the widely used AAL atlas ([@ref-45]). For each hemisphere, these ROIs were included: Superior frontal gyrus, dorsolateral (SFGdor), Middle frontal gyrus (MFG), Inferior frontal gyrus, opercular part (IFGoper), Inferior frontal gyrus, triangular part (IFGtri), Rolandic operculum (ROL), Supplementary motor area (SMA), Superior frontal gyrus, medial (SFGmed), Cuneus (CUN), Lingual gyrus (LING), Superior occipital gyrus (SOG), Middle occipital gyrus (MOG), Inferior occipital gyrus (IOG), Fusiform gyrus (FFG), Superior parietal gyrus (SPG), Inferior parietal, but supramarginal and angular gyri (IPL), Supramarginal gyrus (SMG), Angular gyrus (ANG), Precuneus (PCUN), Paracentral lobule (PCL), Superior temporal gyrus (STG), Middle temporal gyrus (MTG), Inferior temporal gyrus (ITG). The association cortices include most of the cerebral surface of the human brain and are largely responsible for the complex processing, including impulsive behavior control. In addition, focusing on these regions would reduce the multiple comparisons problem.

Statistical analysis
--------------------

The MCs were calculated for each hemisphere for each participant. To investigate the behavioral relevance of the MC, we related the individual differences in MC to the variability in impulsivity with partial correlation analysis, controlling for age and sex. Since multiple comparisons were performed in the analysis, a significant threshold of *p* \< 0.05 (FDR corrected) was applied. Given the multi-dimensional property of impulsivity ([@ref-44]), we further investigated which components of impulsivity (attentional, motor, and non-planning impulsivity) mainly contributed to the observed associations. The standard error (SE) and 95% confidence interval (CI) were calculated for each correlation based on Fisher's *Z* transformation using the CIr function from R package *psychometric*. Besides the partial correlation analysis, mediation analysis ([@ref-31]) was used to determine whether some facet of impulsivity could fully explain to the observed associations.

Control analysis for head size
------------------------------

Head size is another possible confounding source in MRI studies, especially in the analysis of cortical volume ([@ref-10]). Thus, to rule out the possibility that the observed associations between inter-regional MC and impulsivity measures were accounted for by this general factor, we estimated head size based on the MRI data using FreeSurfer (<https://surfer.nmr.mgh.harvard.edu/>). After obtaining head size for each individual, we examined whether the observed associations remained after controlling for the head size. In this control analysis, age and sex were controlled as did in the main analyses.

Results
=======

As expected, both the total impulsivity score and its three components showed wide variability in performance noted across participants ([Table 1](#table-1){ref-type="table"}).
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###### Results of impulsivity scores measured by the Barratt impulsiveness scale (BIS).

![](peerj-05-3533-g004)

                             Mean (SD)    Range
  -------------------------- ------------ --------
  Total score of BIS         63.7 (8.4)   47--91
  Non-planning impulsivity   24.1 (3.8)   16--35
  Attentional impulsivity    17.5 (3.2)   11--26
  Motor impulsivity          22.1 (4.1)   14--30

To investigate how the variability of impulsivity relates to the MC of the ACC, we first quantified the MC value between the ACC and each cortical region with the newly-proposed method ([@ref-25]) for each participant. Then, we conducted association analyses separately for each hemisphere (that is, only ipsilateral relations were considered) to investigate the possible associations. Given that only a few structural connections (∼2%) exist between two hemispheres, most of which mainly connects homologous regions ([@ref-1]), here we focused on ipsilateral connections with the ACC. We observed specific associations of total impulsivity score with two morphological relations that survived multiple comparisons correction (*p* \< 0.05, FDR corrected) in the right hemisphere ([Fig. 2A](#fig-2){ref-type="fig"}): the morphological connectivity between the ACC and the IFGtri (hereafter referred to as ACC-IFG MC) and the morphological connectivity between the ACC and the ITG (hereafter referred to as ACC-ITG MC). Specifically, individual differences in impulsivity showed a positive association with the ACC-IFG MC ([Fig. 2B](#fig-2){ref-type="fig"}; *r* = 0.64, *p* = 0.001, SE = 0.097; 95% CI \[0.32, 0.83\]; Spearman's rho = 0.43, *p* = 0.035), and showed a negative association with the ACC-ITG MC ([Fig. 2C](#fig-2){ref-type="fig"}; *r* =  − 0.59, *p* = 0.004, SE = 0.18; 95% CI \[−0.80, −0.24\]; Spearman's rho = − 0.53, *p* = 0.008). In addition, to test the potential influences of variations in confounding variables included in the above correlation analyses (i.e., age or sex), we ran additional analyses with additional confounding variables settings ([@ref-46]). The results remain significant with either sex (ACC-IFG MC: *r* = 0.64, *p* = 0.001; ACC-ITG MC: *r* =  − 0.53, *p* = 0.009), age (ACC-IFG MC: *r* = 0.61, *p* = 0.002; ACC-ITG MC: *r* =  − 0.47, *p* = 0.022), or none of them (ACC-IFG MC: *r* = 0.60, *p* = 0.002; ACC-ITG MC: *r* =  − 0.47, *p* = 0.022) being included in the correlation analysis.

![Behavior-morphological connectivity (MC) correlations.\
(A) The *x*-axis denotes the correlation coefficient for the behavior--MC correlation (age and sex controlled). The dashed line indicates the significance level of the behavior--MC correlation analysis (*p* \< 0.05, uncorrected). The green bar indicates correlations that survived the multiple comparisons correction (*p* \< 0.05, FDR-corrected). (B) Scatter plot represents the linear association between impulsivity and the MC values of the ACC and IFGtri (i.e., ACC-IFG MC). (C) Scatter plot represents the linear association between impulsivity and the MC values of the ACC and ITG (i.e., ACC-ITG MC). Each axis shows the residual score after controlling for age and sex; shaded regions depict 95% confidence intervals.](peerj-05-3533-g002){#fig-2}

Moreover, no significant association was found in the left hemisphere, though a similar trend was observed with the MC between the left ACC and left IFG (*r* = 0.41, *p* = 0.059, uncorrected). Thus, the ACC-IFG MC and ACC-ITG MC were focused in the following analyses.

![Behavior-MC correlations with facets of impulsivity.\
(A--C) Scatter plots for the associations between facets of impulsivity and the ACC-IFG MC. (D--F) Scatter plots for the associations between facets of impulsivity and the ACC-ITG MC. Figures **in bold** indicate that the statistic is significant (*p* \< 0.05); each axis shows the residual score after controlling for age and sex; shaded regions depict 95% confidence intervals.](peerj-05-3533-g003){#fig-3}

Given the multi-dimensional property of impulsivity ([@ref-44]), we further investigated which components of impulsivity mainly contributed to the observed associations. We found that only the motor impulsivity was significantly associated with the ACC-IFG MC ([Figs. 3A](#fig-3){ref-type="fig"}--[3C](#fig-3){ref-type="fig"}; motor impulsivity: *r* = 0.53, *p* = 0.016, SE = 0.12, 95% CI \[0.16, 0.77\]; attentional impulsivity: *r* =  − 0.07, *p* = 0.785, SE = 0.21, 95% CI \[−0.46, 0.34\]; non-planning impulsivity: *r* = 0.34, *p* = 0.143, SE = 0.16, 95% CI \[−0.073, 0.65\]). As expected, mediation analysis showed that the motor impulsivity fully mediated the association between impulsivity and the ACC-IFG MC (beta decreased from 0.64 to 0.33; *p* \< 0.05; 95% confidence interval (CI): \[0.08, 0.62\]), suggesting that the observed association with the ACC-IFG MC was mainly contributed by the motor facet of impulsivity. Furthermore, we found that only the attentional impulsivity was significantly associated with the ACC-ITG MC ([Figs. 3D](#fig-3){ref-type="fig"}--[3F](#fig-3){ref-type="fig"}; motor impulsivity: *r* = 0.07, *p* = 0.781, SE =0.20, 95% CI \[−0.34, 0.46\]; attentional impulsivity: *r* =  − 0.49, *p* = 0.029, SE = 0.19, 95% CI \[−0.75, −0.11\]; non-planning: *r* = 0.05, *p* = 0.845, SE = 0.20, 95% CI \[−0.36, 0.44\]). Similarly, mediation analysis showed that the attentional impulsivity fully mediated the association between impulsivity and the ACC-ITG MC (beta decreased from 0.66 to 0.04; *p* \< 0.05; 95% CI \[−1.22, 0.22\]), suggesting that the observed association with the ACC-ITG MC was mainly contributed by the attentional facet of impulsivity. Taken together, the attentional impulsivity and motor impulsivity were mainly associated with ACC-IFG MC and ACC-ITG MC, respectively.

Finally, control analysis was performed to rule out potential confounding effects from head size (see 'Materials and Methods'). We found that the observed associations between MCs and impulsivity measures remained after controlling for head size (total impulsivity scores & ACC-IFG MC: *r* = 0.67, *p* = 0.001; total impulsivity scores & ACC-ITG MC: *r* =  − 0.57, *p* = 0.007; motor impulsivity & ACC-IFG MC: *r* = 0.60, *p* = 0.004; attentional impulsivity & ACC-ITG MC: −0.65, *p* = 0.002), suggesting that our findings were unlikely contributed by head size.

Discussion
==========

This is the first study on structural correlates of trait impulsivity focusing on MC. We found that the ACC-IFG MC and ACC-ITG MC in the right hemisphere were correlated to scores of self-reported impulsivity. Furthermore, two dimensions of the impulsivity, i.e., BIS attentional and BIS motor impulsivity, were correlated with to the ACC-IFG MC and ACC-ITG MC, respectively.

Our findings on the right IFG are consistent with the extant literature. It is well-established that the right IFG is critical for inhibition control (see [@ref-5] and [@ref-6] for reviews). A meta-analysis of eighteen fMRI studies suggests that Go/No-go task elicits the largest activation in the right IFG among other brain regions ([@ref-12]). Also, lesion of the right IFG is associated with deficits in performance in stop-signal and Go/No-go tasks ([@ref-4]), and temporary deactivation of the right IFG by transcranial magnetic stimulation would selectively impair the stop-signal response ([@ref-15]). Therefore, our finding that the ACC-IFG MC was correlated to BIS total score provides new converging evidence to support the role of right IFG in inhibition control.

Interestingly, the BIS motor impulsivity (sample item: "I buy things on impulse"), defined as "acting without thinking", nicely fitted with the concept with inhibition control. However, the BIS attentional (sample item: "I am restless at the theater or lectures") and non-planning impulsivity (sample item: "I plan tasks carefully") appear to less related to inhibition control. In accordance with this speculation, the correlation between the BIS motor impulsivity and behavioral inhibition performance (Go/No-go paradigm) is larger than the correlations between the other two BIS subscale scores (i.e., attentional and non-planning impulsivity) and behavioral inhibition performance ([@ref-23]; [@ref-43]). The separate functions of BIS subscales, in conjunction with the functionality of right IFG, fitted well with the finding in our study: BIS motor impulsivity, but not other BIS subscale scores, was mainly correlated with ACC-IFG MC.

Our findings on the right ITG is somewhat unexpected because it is not a classical region for impulsive control in the neuroscience literature. However, one study has observed that the rate of thinning of cortical thickness in the right ITG was associated with hyperactive/impulsive symptoms in developing children ([@ref-42]). Consistent with this finding, we found that the ACC-ITG MC was associated with BIS total and attentional impulsivity scores. Taken together, these findings implied that the right ITG might also be a part of the neural network for impulsive control.

Our work could be extended in several ways. First, other local measures of gray matter, including cortical thickness and cortical surface area, could be used in a similar way to the current study. Second, another investigation by us has demonstrated that it is plausible to use graph theory to explore the inter-individual differences in MC at a whole-brain network level, and that both the IFG and ITG have been identified as hubs ([@ref-24]). Thus, it is intriguing to correlate the trait impulsivity to graph-based properties, which may advance our understanding of the neural circuits of impulsive control in a more holistic manner. Third, high impulsivity is a crucial characteristic of many psychiatric disorders ([@ref-34]). Therefore, future studies of MC in psychiatric patients with problems of impulsive control would help to elucidate the pathophysiology of these disorders.

Finally, several methodological limitations of the current study deserve consideration. First, because the BIS is a self-report scale, it might only partly capture impulsivity. Future studies could include cognitive tasks such as Go/No go, Stop-signal tasks, and relate the task performance to trait impulsivity. Second, because the sample size is relatively small, the correlation findings would be sensitive to outliers and need to be viewed with some caution. Future studies with large sample size are needed to replicate the findings and may detect more subtle relationships with more statistical power. Third, a recent study ([@ref-46]) has suggested that linking personality traits to brain structure would be sensitive to methodological choices, including the regression model used and ROI labeling. To test the robustness of our findings against variations in confounding variables (i.e., age or sex) included in the correlation analysis, we ran additional analyses with different confounding variables settings, but the results remain unchanged. However, when another atlas was used for the ROI definition (i.e., the Desikan-Killiany atlas from FreeSurfer), we failed to replicate the correlation with ACC-IFG MC, although the correlation with ACC-ITG MC remained significant. The lack of replication of the correlation about with the IFG could largely be due to the difference of the brain parcellation (e.g., 1,575 voxels in AAL atlas versus 609 voxels in Desikan-Killiany atlas), and suggested the potential parcellation-dependent effects in connectivity-related methods ([@ref-48]; [@ref-7]). Given there is no optimal method able to address this challenge so far, replication studies with independent samples will be important to confirm these findings.

Conclusions
===========

This is the first study that investigated brain morphological connectivity patterns underlying impulsivity in healthy individuals. Our results indicate that the ACC-IFG MC and ACC-ITG MC are associated with trait impulsivity in healthy individuals and further supported that the ACC, IFG, and ITG in the right hemisphere were involved a network modulating impulsive control. Moreover, the present data provided a demonstration that the MC varies as a function of trait impulsivity, which highlighted the utility of MC analyses in facilitating our understanding neural correlates of behavioral and personality traits.
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